Enzymatic biomass saccharification is an important process for bioethanol production. Hitherto, numerous cellulase cocktails (crude enzyme) have been developed to improve enzymatic activity. For this purpose, the synergy of incorporating hydrolase functionality within a cellulase cocktail is a key function. However, such synergistic action, by potentially numerous different enzyme types, on biomass tissue has not been considered despite the importance toward the realistic case of biomass saccharification. This study aims to visualize the behavior of each of the key cellulase components on biomass tissue during saccharification. Time-lapse fluorescence microscopy observations were conducted during saccharification of a thin transverse sugarcane section to monitor enzymes modified with a fluorescence dye. Statistical image analysis successfully demonstrated a unique adsorption/desorption behavior of each enzyme component. Particularly, the behavior of endoxylanase10 (Xyn10), which was recently discovered from Penicillium sp. as a high-performance xylanase, displayed remarkable adsorption on tissues of sugarcane, which accounts for the superior activity of the cellulase mixture with Xyn10.
Introduction
Development of new alternative sources of energy is a global hot topic, and recently a wealth of interdependent research has focused on the use of inedible biomass such as lignocellulose. Among the numerous biomass materials, sugarcane has received significant attention at the industrial scale as one of the lignocelluloses for bioethanol production, particularly, with bagasse (fiber remaining after extracting sugarcane juice) being a focus of attention.
As a first step to produce bioethanol from lignocellulose, it is necessary to hydrolyze cellulose and hemicellulose polymers into their respective monomers. Investigations have recently focused on enzymatic hydrolysis as the method of hydrolysis because of the positive environmental assessment received, despite several problems in this process. For example, the yield of saccharification reaches the limit by low concentrations of cellulase cocktail [1] . The mechanism of this phenomenon still requires elucidation; however, studies have suggested a complicated process of nonproductive and nonspecific adsorption to substrates [2, 3] , deactivation of enzymes [4] , product inhibition [5] , etc. To circumvent the limitation in hydrolysis activity, large amounts of enzymes are required. Furthermore, the enzyme cost is another factor to consider when commercializing [6, 7] . Therefore, there is a demand to develop new strategies that allow efficient hydrolysis using minimum amounts of enzymes.
The native crude cellulase is composed of multiple enzyme components, each of which offers individual function and specific activity. The three main components are cellobiohydrolase (CBH), endoglucanase (EG), and β-glucosidase (BGL). Numerous reports have detailed the synergistic effect among these components [8] [9] [10] . Enzyme-substrate specificity has received significant attention that includes the development of visually observing their interactions. Classically, gold-labeled individual enzymes were visualized by electron microscopy [11, 12] , and thereafter, cellulose-binding modules (CBMs) with fluorescein isothiocyanate [13, 14] were observed. A single molecular motion of a green fluorescence protein-tagged CBM on a cellulose crystal of Valonia ventricosa was analyzed [15] . Furthermore, a fluorescence resonance energy-transfer technique [16] demonstrated that cellulases were located only a few nm from each other on the surface of a cellulose microfibril. More impressively, by high-speed atomic force microscopy, the running motion of CBH I particles, on a cellulose microfibril, from the cell wall of Cladophora sp. was directly visualized [17] . The authors further investigated, and observed a type of "traffic jam" on the cellulose surface, and by theoretical analysis, elucidated a possible mechanism of the enzyme-substrate interaction [18] .
As described above, the observation of 'individual' cellulase components has been successfully reported. Hitherto, however, such observations have not been directed toward the visualization of each enzyme component in cellulase mixture working synergistically with real biomass tissue. Therefore, the focus of this study was to visualize the pattern of adsorption and desorption of each enzyme component acting on a section of sugarcane by using fluorescence microscopy combined with a newly developed image analysis technique.
Furthermore, this study also focused on xylanases as important enzymes for the hydrolysis of biomass. Two xylanases were selected for the visualization experiment: endoxylanase III (Xyn III) from Trichoderma reesei, well known to be efficient; and endoxylanase10 (Xyn10) from Penicillium sp., a recently found high-performance enzyme.
Materials and methods

Enzyme preparation
The enzymes used in this study were CBH I (TrCel7A), CBH II (TrCel6A), EG I (TrCel7B), EG II (TrCel5A), EG IV (TrCel61A), Xyn III, β-xylosidase (TrXyl3A, BXL), BGL I, and Xyn10 (PspXyn10). CBH I, CBH II, EG I, EG II, EG IV, Xyn III and BXL were derived from the T. reesei strain PC-3-7 [19] and BGL I was derived from Aspergillus aculeatus [20] . These eight enzymes were heterologously expressed in A. oryzae (Ozeki Co. Ltd., Hyogo, Japan) following the method reported by Kawai et al. [21] . Each enzyme was purified from the culture supernatant of A. oryzae cells by hydrophobic chromatography (TOYOPEARL ® Butyl-650) followed by anion exchange chromatography (TOYOPEARL ® DEAE-650).
To prepare Xyn10 from Penicillium sp., the pspxyn10 gene was amplified from pUC-Pcbh1-pspxyn10-amdS plasmid [22] by a polymerase chain reaction and expressed in A. oryzae cells under the control of an improved enoA promoter (PenoA142f ) [23] that harbored 12 tandem repeats of the cis-acting element (region III) of the agdA promoter [24] . A. oryzae cells expressing the pspxyn10 gene were cultured in a DP medium (2% dextrin hydrate, 1% peptone) containing 0.5% potassium dihydrogen phosphate, 0.05% magnesium sulfate, 0.187% l-glutamic acid monosodium salt, and 0.003% l-methionine at 30 °C, 105 rpm for 3 days. After cultivation, the A. oryzae cells were removed by filtration (0.45 μm) and Xyn10 was purified as described above.
Enzyme labeling with a fluorescent dye
Herein, CBH I, CBH II, EG I, EG II, Xyn III, and Xyn10 were labeled with a fluorescent dye as theses enzymes are the main components of a wild-type cellulase and have important functions.
Each enzyme was labeled with Alexa Fluor ® 546 NHS Ester (Invitrogen, California, USA) in accordance with an attached instruction. The fluorescent molecule forms a covalent bond with a primary amine group in enzyme. Determination of the protein concentration was performed using a Quick Start ™ Bradford protein assay (BioRad, California, USA), and a gamma-globulin standard was used throughout this study. Bio-Gel ® P-4Gel fine (Bio-Rad, wet bead size 45-90 µm, molecular weight exclusion limit of > 4000) was used to separate the labeled enzyme from the free dye. The absorbance at 554 nm of the labeled enzyme solution was measured to calculate the degree of labeling (DL), using the following formula:
where DL is the amount of moles of dye per mole of protein, A 554 is the absorbance at 554 nm, k is a dilution factor, µ ext is the molar extinction coefficient of Alexa Fluor ® 546 NHS Ester at 554 nm (104,000 cm
, and C protein is the protein concentration (M).
Assessment of labeled xylanases
To compare the enzymatic activity of two xylanases, a saccharification test was investigated in the presence of cellulase mixture including Xyn III or Xyn10. The substrate, sugarcane (Saccharum officinarum) bagasse powder, was sieved through a 1-mm mesh and pretreated by autoclaving in 1% sodium hydroxide solution at 120 °C for 20 min. The composition was estimated as: cellulose (63%), hemicellulose (18%), lignin (7.6%), and ash (4.0%). The bagasse (10 mg on a dry matter basis) was hydrolyzed in 0.1 M acetate buffer (pH 5.0) at 50 °C, shaking at 150 rpm. The total solution volume was 1 mL and
the enzyme concentration was 3 mg/g of substrate. The enzyme composition is the same as that described later in the microscopy section. The experiments were performed for both nonlabeled and labeled xylanases. The supernatant was collected at 5, 24, 48, and 96 h to measure d-glucose yield using a CII Test Wako kit (Wako, Osaka, Japan), and d-xylose yield using a d-xylose kit (Megazyme, Wicklow, Ireland).
Fluorescence microscopy of a selectively labeled enzyme in a cellulase cocktail
Transverse sections (30-µm-thick) were cut from a stem of sugarcane harvested in Okinawa, Japan, by a microtome equipped with a freezing stage. The sections were treated in 0.5% sodium hydroxide using an oil bath at 100 °C for 1 h. After washing thoroughly, the treated sections were used as the substrate. The enzyme mixture comprised purified components of CBH I 35 wt%, CBH II 20 wt%, EG I 15 wt%, EG II 5 wt%, EG IV 5 wt%, BGL I 5 wt%, BXL 5 wt%, and Xyn III 10 wt%. One of the enzymes was replaced with a fluorescent-labeled enzyme at a fixed ratio of 5 wt% (total enzyme basis); for example, a system comprising labeled CBH I at 5 wt% and nonlabeled CBH I at 30 wt%. For comparison purpose, Xyn III was replaced with Xyn10 to visualize the functional difference between the two xylanases.
A pretreated section was mounted on a glass slide together with a 25-μL aliquot of an enzyme mixture (~ 40 mg/g biomass). A cover slip was then placed on top of the specimen and sealed with nail polish to prevent water evaporating during the reaction. The preparation was performed on a thermostage, maintained at 50 °C, with an inverted fluorescent microscope (IX71, Olympus, Tokyo, Japan) under a constant illumination flux from a super-high pressure mercury lamp and a 4× objective lens (UPlanFLN, NA: 0.13, Olympus). Images (1600 × 1200 pixels, 8 bit RGB) were recorded every 5 min for 360 min in fluorescent mode with a charge-coupled device camera having an exposure time set at 500 ms (DP 73, Olympus). As the filter set, TRIRC-B (Semrock, N.Y., USA) was used comprising a bandpass excitation filter (543 nm/22 nm), a dichroic mirror (> 562 nm), and a bandpass emission filter (593 nm/40 nm). No auto-fluorescence was detected in the presence of a nonfluorescent-labeled enzyme subjected to the same conditions.
Relationship between the number of labeled enzymes and fluorescence image intensity
Prior to image data interpretation, the relationship between the fluorescence intensity of the microscopic image and the labeled enzyme concentration was determined. A series of 2-μL enzyme-labeled solutions, at various concentrations, were placed in a circle (φ = 8 mm) surrounded by water-resistant fluororesin on a glass slide, TF0808 (MATSUNAMI, Osaka, Japan). Thereafter, a cover slip was placed on the solution and observations made using fluorescent microscopy under the same conditions as previously described. The average fluorescence intensity was calculated from five different positions using ImageJ software, and plotted against the corresponding enzyme concentration.
Time-lapse fluorescence profiles from two-dimensional images
A stack of fluorescent images (at 5-min intervals) were carefully aligned by the registration algorithm proposed by Thévenaz et al. [25] as a plugin for ImageJ. A 500 × 500 pixel region was cropped, wherein one complete vascular bundle (VB) from the inner part of the stem was recorded. After conversion to a gray-scale, and noise reduction by median filtering, the intensity profiles from each pixel in an image stack were taken as a function of time. The 250,000 time-dependent intensity profiles were then classified into eight representative profiles by the k-Means algorithm, and the corresponding regions associated with the eight profiles were contour-mapped into two-dimensional images. The number of clusters was chosen to be slightly larger than the number of cell types in the region of interest: phloem, bundle sheath, metaxylem and parenchyma, which were expected to show different susceptibilities to the enzymatic attack. All calculations were performed in python 3.6 using the scikitlearn v0.19.2 [26] data mining tool.
Results and discussion
Xylanase activity: effect of labeling As xylanase is known to be a key enzyme for the saccharification of biomass, the investigation herein studied two endo-β-xylanases, Xyn III and Xyn10, both of which belong to the glycoside hydrolase family GH-10 in the CAZy database. Xyn III was observed by Xu et al. [27] to be a highly active xylanase enzyme, while Xyn10, developed by Kao Corporation, Tokyo, Japan [22] , exhibits an even higher activity. Xyn III has no carbohydrate-binding module (CBM) and shows a high affinity to soluble xylan [28] , while Xyn10 is an endo-type xylanase with a CBM 1 that demonstrates a high affinity to the surface of crystalline cellulose [22] .
As previously reported [22] , Xyn10 demonstrated a higher activity than Xyn III against alkali-pretreated sugarcane bagasse powder (Fig. 1) , reconfirming the excellent performance of Xyn10.
Furthermore, a remarkable finding in this study for Xyn10 is that the production of xylose precedes that of glucose, until 48 h of treatment (Fig. 1b) . As part of the xylan structure is tightly bound to cellulose fibrils [29] , effective xylanases may remove xylan from the surface of cellulose, which subsequently allows cellulose to be accessible to cellulase. Finally, the reaction progress appears to be similar for fluorescent-labeled and nonlabeled enzyme systems (Fig. 1) , indicating that the enzyme labeling does not influence xylanase hydrolysis performance. Additionally, there was no significant influence hydrolysis performance for the other enzymes analyzed in this study (data not shown). Hence, enzyme labeling does not influence data interpretation derived from fluorescence microscopy in this study.
Relationship between the number of labeled enzymes and fluorescence image intensity
Fluorescence intensity of the labeled enzyme solution at various concentrations is plotted in Fig. 2a . Excellent linearity between the fluorescence microscopy intensities and the applied dose of individual enzymes was demonstrated. The intensity per mole of protein (the slope of each line), was calculated in Fig. 2a . When the slope was plotted against the degree of enzyme labeling for each enzyme (Fig. 2b) , a linear relationship was also observed, indicating that fluorescence intensity is proportional to the number of fluorescence dye molecules regardless of the enzyme tagged. Therefore, the fluorescence intensity of each enzyme can be quantitatively compared by normalizing to DL of the corresponding enzyme. 
Changes to morphology and enzyme adsorption during hydrolysis
The typical appearance of the VB of sugarcane during hydrolysis is presented in Fig. 3 . The images were taken in both normal brightfield mode (Fig. 3a-c) and fluorescence mode (Fig. 3d-f ) . As shown in the brightfield image (Fig. 3c) , the parenchyma cell wall substances distant from the VB are more susceptible to hydrolysis, and the image contrast was almost lost after 360 min of treatment. The thick-walled bundle sheath of the VB remained but became notably thinner. Initial adsorption of CBH I occurred at the parenchyma cells distant from the VB (Fig. 3d) and became more concentrated toward the VB outer areas (Fig. 3e) after 100 min, which is composed of smaller-sized parenchyma cells and thinner-walled VB fibers. Thereafter, CBH I was observed only at highly lignified areas such as the bundle sheath. As such, it was possible to visualize the substrate degradation pattern and the corresponding enzyme distribution.
Time-lapse analysis of individual enzymes
As a negative control, free Alexa Fluor
® 546 NHS Ester was tested under the same experimental conditions. No fluorescence of dyes on sugarcane sections was observed. A concept of the analysis is given in Fig. 4 . A stack of images were carefully aligned, as shown in Fig. 4a . From a set of images, 250,000 intensity profiles were obtained, with some intensity profiles being shown in Fig. 4b . Several profile patterns are clearly observed; flat profiles (background), constant increasing or decreasing profiles, profiles with maximum peak, and so on. The typical center profiles obtained by the common method of vector quantization (k-means clustering) are represented in Fig. 4c . The number of clusters was set at eight. Finally, all pixels were colored corresponding to the profiles (Fig. 4d) . In this way, the adsorption/desorption behavior was analyzed in a 2D image for each labeled enzyme. Figure 5 shows the intensity profiles of each enzyme together with the 2D distribution image. To compare intensity as a function of enzyme concentration, the intensity profiles were divided by DL. Thereafter, the labeled enzyme was fixed at 5 wt%, based on the total number of enzymes present in the system. Therefore, the intensity was converted to the actual enzyme concentration; for example, the intensity was multiplied by seven in the case of CBH I. The patterns from CBH I, CBH II, EG I, EG II, and Xyn10, were somehow similar to one another, with a pattern displaying two types of profiles, one having a maximum peak and the other simply increasing as a function of time. The profile having maximum peak derives from the area of parenchyma cell walls of which are thin and contain little lignin, or parenchyma cells of a relatively small diameter, adjacent to the VB. The simply increasing profile derives from the area of bundle sheath cell walls of which are thick and contain significant amount of lignin, and is relatively enhanced at the outer VB area. Combining the profiles and the 2D enzyme distributions, it was concluded that all enzymes, except for Xyn III, were significantly adsorbed at the parenchyma cell walls distant from the VB during the initial stage of hydrolysis. The enzymes gradually moved toward smaller parenchyma cells adjacent to the VB. Thereafter, the enzymes desorbed from the hydrolyzed parenchyma and first re-adsorbed on areas exhibiting less lignin content before finally moving to areas of the VB cell walls containing the highest degree of lignin. Conversely, the behavior of Xyn III was significantly unique. Throughout the hydrolysis, the degree of Xyn III adsorption was relatively small, especially almost zero at the parenchyma cells (Fig. 5e ), which demonstrates a remarkably different behavior from Xyn10, which also possesses a CBM similar to the other enzymes. The different behaviors between the two xylanases tested in this study are proposed to arise from the possession of CBMs. Xyn III of T. reesei was reported to be initially devoid of a CBM and Xyn III, expressed with a xylan-binding domain from Streptomyces olivaceoviridis E-86, showed higher adsorption toward insoluble xylan by a factor of two [28] . Furthermore, when Xyn10 that initially possessed a CBM [22] was modified to be devoid of a CBM, Xyn10 was no longer observed to adsorb onto the substrates (data not shown). Therefore, the CBM of xylanase was found to be critical for the interaction with xylan molecules that are closely associated with cellulose molecules at the substrate surface, which may improve the total activity of the cellulase system toward biomass. A time-lapse movie of the enzyme adsorption and desorption observed by fluorescence microscopy can be seen in the animation (Additional file 1: Online Resource S1). 
Time-lapse analyses of enzyme activity in specific anatomic areas
Taking the maximum amount of adsorbed CBH I to be one, all the profiles shown in Fig. 5 were recalculated, and the relative amounts of each enzyme in the specific anatomic area were reproduced in Fig. 6 . The specific anatomic areas are parenchyma cells, parenchyma cells near the VB, and the outermost cells of the VB.
As shown in Fig. 6 , the major enzyme that adsorbed onto the surface of the substrate was unambiguously CBH I. Additionally, the profiles from CBH I, EG II, and Xyn10 were somehow similar in that these systems worked rapidly and moved to other regions that were more difficult to be hydrolyzed. Particularly, EG II and Xyn10 appeared to adsorb simultaneously; however, the desorption rate of Xyn10 was observed to proceed slightly quicker than EG II. Conversely, the degree of CBH II adsorption, which is known to work synergistically with CBH I [9, 30], was as low as oneseventh of CBH I, and furthermore, enzyme adsorption maxima occurred ~ 1 h later than that of CBH I. This observation may explain partly why both these CBHs are considered to be processive enzymes; however, CBH II exhibits more of a less-processive nature as postulated earlier [31] .
As for EG I and EG II, significant differences in the enzyme-substrate interactions are clearly demonstrated. As EG II was adsorbed to a significantly higher degree, it is suggested that EG II functions more efficiently near the cellulosic surface, while the adsorption of EG I to parenchyma was significantly hindered (Fig. 6a, b) and preferred molecules dissociated from the substrate surface. Additionally, pulp viscosity was reported to decrease to a greater extent in the presence of EG II when compared with EG I [32] . Furthermore, Horikawa et al. [33] reported that the difference in enzymatic activity between EG I and EG II toward water-soluble carboxymethyl cellulose, was not distinguishable, whereas EG II significantly decreased the degree of polymerization of cellulose in a microfibrillar form than EG I. These reports agree well with our binding experiment.
Conclusions
From the time-lapse analyses of the transverse sections of sugarcane stems, it is clear that CBH I is the most important and indispensable enzyme, which adsorbed onto the substrate significantly more than any other enzyme, displaying a rapid adsorption/desorption action. Conversely, even though CBH II is a processive enzyme, similar to CBH I, the observed adsorption was less than expected. EG I and EG II display different modes of action toward the microstructure of the substrate: EG II directly attacks the surface, while EG I exhibits a preference toward disentangled molecules. As for xylanases, while Xyn10, in the presence of CBM, adsorbed at the initial stage of hydrolysis and desorbed soon after, the degree of Xyn III adsorption on any tissue of sugarcane was minimal. The visualization of individual enzymes is important to elucidate the orchestrated interactions between the enzyme and the complex biomass.
Additional file
Additional file 1: Online Resource S1. Time-lapse images during saccharification by fluorescence microscopy in the presence of labeled enzyme.
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